The ground state energy for a chain of donor and acceptor molecules (mixed-stack architecture) is calculated within the three-state model. The model describes the intermolecular electron transfer and, in particular, stresses the role of the diagonal coupling of the electron to symmetry breaking molecular displacements and the local electric field. The modulation of the intermolecular Coulomb interaction is shown to have important consequences for the ground state and its dynamics. In particular, the ground state energy as a function of the displacement may show one, two or three minima with varied molecular ionicity. An analysis of the function gives a phase diagram which indicates a possibility for the coexistence of neutral (undistorted) and ionic (distorted) chains of molecules in the ground state. The function is illustrated by numerical calculations with parameters appropriate for the tetrathiafulvalene-chloranil crystal which undergoes a neutral-to-ionic phase transition induced by either temperature or pressure. The effect of the electron transfer on the lattice dynamics of the mixed-stack system is briefly considered. It is suggested that the thermodynamical phase diagram for tetrathiafulvalene-chloranil system can be understood as a result of two effects: pressure induced quantum mixing between diabatic states which determine a nature of components and temperature stimulated classical mixing of the components.
Introduction
Since 1981 when Torrance and co-workers [1] discovered the "neutral-to-ionic" phase transition in charge-transfer (CT) molecular crystals with mixed-stack (MS) architecture, extensive studies on the nature of the transformation have been performed. It is believed that these investigations will uncover factors responsible for electron-induced structural changes in molecular solids and allow for more applications of these materials.
Soon after the first experiments performed on the TTF-CA (tetrathiafulvalene-chloranil) crystal [2] , it became clear that a temperature induced neutral--ionic, first order, phase transition is unusual. Recent experiments on TTF-CA [3] have indicated a narrow region of coexistence (disorder ?) of neutral and ionic phases as well as a change in the mechanism of the transformation under pressure. The coexistence of neutral and ionic molecules has been even more pronounced in observations of the recently discovered neutral-ionic transitions in the systems TMB-TCNQ (3, 3', 5, 5'-tetramethylbenzidine-7,7,8,8-tetracyanoquinodimethane) [4] and DMTTF-CA (dimethyltetrathiafulvalene-chloranil) [5] . There are two important features of these phase transitions: the structural change, a symmetry breaking dimerization of the MS, and a change in molecular ionicity. Although the ionicity is well understood in a qualitative sense, it is not uniquely defined quantitatively [6] . While it is not directly measurable, a totally symmetric molecular deformation may serve as its measure [7, 8] . The changes become more continuous under pressure.
As the molecular ionicity and the lattice dimerization are coupled, it is legitimate to consider the transition as a structural one that is driven by the intermolecular electron transfer. The intramolecular and intermolecular structural changes then, in turn, enhance the electron transfer by a change in the potential difference (the diagonal coupling) and/or an increase in the CT transfer integral (off-diagonal coupling). Most theoretical models are based on a two-level Peierls-Hubbard Hamiltonian and only off-diagonal coupling is included. Important physics of the MS has been missing -the diagonal coupling of the electron transfer to the symmetry breaking dimerization via modulation of the intersite Coulomb interaction. Extensive studies on CT exciton states in MS organic crystals have shown that the modulation of the Coulomb interaction by lattice vibrations is the essence of the mechanism of strong CT exciton-phonon coupling [9] . This conclusion from the spectroscopy of CT excitons has been overlooked.
The CT exciton has been proved to be very polar. With the electron and hole on separate molecules, strong coupling to the lattice is expected and manifestations of this interaction are the broad and relatively structureless absorption spectra of MS systems. Another consequence of strong exciton-lattice coupling is relaxation of the nuclei towards a new equilibrium position which can lead at low temperatures to self-trapping of the CT exciton. In the collapsed state the molecules are envisaged as having moved closer together and/or reoriented in a way that lowers the energy of the excited state. The three-state model (neutral and two CT states) with diagonal coupling to lattice displacements that is constructed in this paper follows the above scenario towards a change in the ground state. The fact that the ionic-to-neutral transition in the TTF-CA crystal has been photoinduced [10] may support this line of reasoning. The diagonal coupling has been, in fact, included in the model of Horovitz and Solyom [11], but they have made a numerical analysis and did not uncover important consequences of the coupling for the ground state of MS systems. I show here that the potential function assumed by Nagaosa [12] in his phenomenological theory of the neutral-ionic phase transition can be derived and seen to be a consequence of the postulated diagonal electron transfer-phonon coupling.
The aim of the paper is to stress and uncover consequences of the diagonal electron transfer-molecular displacement coupling for the ground state of MS compounds. First, the three state model Hamiltonian will be constructed and analyzed, then the ground state energy function will be used to construct a phase diagram. This will be done by numerical illustration of an exact solution and in an approximate way by perturbation expansion.
System definition and ground state energy
The system is defined as a centrosymmetric array of alternating molecules (MS): electron donors (D) and acceptors (A), α distance apart. We are interested in the process: e.g., the formation, in general, of n pairs of ionized molecules, accompanied by a structural change.
The states corresponding to the electronic structure of neutral and ionized molecules are denoted as (N| and (In + |, (In -respectively. The ionic states are characterized by opposite polarization. The configurational space in which the electron transfer occurs is defined by intramolecular (Q) and intermolecular (q) translational normal coordinates. For the electron transfer process, characterized by a dipole moment, μ, dielectric properties of the crystal are important and they will be described by an electric field variable, ε(p), expressed in terms of normal coordinates of molecular excitons (p). Rotational displacements of molecules will be neglected, although as they preserve center of inversion symmetry they modify the electronic energy in the same way as intramolecular, totally symmetric coordinates. I shall consider ground state properties of MS except magnetic ones and spin degrees of freedom will be neglected. This simplification has been often used in studies of these systems where charge bistability is of main concern rather than spin bistability. It allows to keep the model to a minimum number of parameters and "transparent" enough to show the effect of diagonal electron-phonon coupling on ground state properties. In previous studies [13] of the ground state phase diagram, where off-diagonal coupling has been considered, the spin degrees of freedom have been neglected as well.
The problem of the n-fold electron transfer in the ... DA... chain is considered as resulting from the electronic interaction between states (N| and (I n + |, (In -|. The ionic states are coupled to the neutral one through an electron transfer integral, (N|H|In + (-)) = -t(n). The total Hamiltonian, H, is split into an electron transfer part, He , and Hb, which describes the configurational space. As for the electronic part, the n-fold transfer of an electron in the ... DA... chain costs energy, 6, denotes energy (per pair) of n-fold charge transfer in the absence of any coupling and may be expressed as I is ionization energy of D, and A is the electron affinity of A molecule. The last term in Eq. (2) describes intersite Coulomb interaction as a product of the Madelung constant [14] , and J = (e 2 /α) which is Coulomb integral for nearest D and A molecules. On writing the on-site potential for n-fold electron transfer as in Eq. (2), I have followed the arguments of Ref. [14] . It is an approximation and would be exact only for n = 1. This corresponds to the trimer model well-elaborated by Girlando and Painelli [15] . They have also critically checked how far one can go with the model when discussing an MS system, and indicated that the trimer model is not a bad approximation.
The second term in Eq.
(1) represents a modification of ionization energy and electron affinity due to totally symmetric, intramolecular vibrations. The coupling has been elaborated in detail previously [15, 16] . In the third term of Eq. (1),
n o t e s p o l a r i z a t i o n o f t h e i o n i c s t a t e s i n t h e c o u p l i n g t o t
h e e l e c t r i c field and to "ungerade" lattice modes (translational). The coupling constant, β, measures modulation of the Coulomb integral, J, by molecular displacements in the pattern represented by the normal coordinate, q. For clarity we keep all quantities as scalars. The fact that the translational displacement of a molecule in the MS modifies the on-site potential in the same way as an electric field is the essence of the model. It will also bring extra strength to the effective coupling constant as will be shown latter.
The configurational space in Q, q and a coordinates, which forms a bath for the electron transfer, is most simply characterized by three harmonic oscillators, x has the sense of electronic susceptibility and k couples intermolecular vibrations to the electric field since both q and E, are symmetry-breaking variables (the effect being represented in "shell models" of lattice dynamics). The totally symmetric, intramolecular coordinate, Q, does not couple directly to q and ε variables. Higher order couplings, like Qq2 , may be introduced and they lead to the molecular compressibility concept [8] . The normal mode spectrum of the system is such that the exciton and intramolecular frequencies are larger than intermolecular ones. Therefore, the variables, ε and Q, can follow the changes in intermolecular distance, q, and can be eliminated from the total Hamiltonian, He + Hb, with the result where is the energy of n-fold electron transfer as it is renormalized due to coupling with the high-frequency electric field of excitons and intramolecular deformation. The second term in Eq. (5) stands for the polarization energy correction (a "solvent effect") and the last term is the small polaron binding energy, indicating how much energy the system has gained due to totally symmetric deformation of the molecules. Both contributions decrease the on-site potential which drives the intermolecular electron transfer.
Let us observe, from Eq. (4), that the frequency of the lattice mode responsible for intermolecular deformation is renormalized in the same way as in the dielectric theory of molecular crystals [17] , leading to (w') 2 = (w 2 -k 2 x). Also, the parameter of the electron-phonon coupling is renormalized to γ(µ) = β+µkx, and depends on the dipole moment resulting from the transferred electron. This gives a new mechanism for the electron-phonon coupling in the charge transfer MS systems.
The total Hamiltonian is now written as where the electronic part of the Hamiltonian is
The ground state energy, Wg (q), expressed as a function of intermolecular displacement is
where Eg(q) is the lowest eigenvalue of the electronic part of the Hamiltonian, He (q), written in the basis of the neutral and ionic states,
The analytical expression for the lowest eigenvalue of He (q) is [18] where
The ground state energy, W(q), may show one, two or three minima, depending on the parameters, 8(n), y and co'.
In order to represent the variety of the ground stale energy functions, Wg (q), depending on the parameters, 6(n), w' and γ, I shall use a triangular diagram. At this point one should notice the similarity of the problem discussed here to that elaborated by Toyozawa [19] and represented by the T-U-S triangle (in analogy to the "alchemical triangle" introduced by Chakraverty [20] ). To represent our results the triangle δ(n) -w' --y should be used. In molecular systems the intersite electron-electron interaction dominates the formation of ionized molecules. So the competition between electron-electron and electron-phonon interactions, represented along the U-S line on Toyozawa's [19] triangle, now is presented along the 6(n) -γ line. This competition leads to two extremes, the neutral MS (the single minima ground state potential) for a large enough 6(n)/7 ratio and the ionic dimerized stack (the two-minima potential) for a small enough δ(n)/γ ratio. The important observation is that one passes from a single minimum via three minima to a two minima energy curve with increasing coupling constant, γ. This is indicated schematically on the diagram (Fig. 1) . It is clear from the diagram that for a soft molecular lattice (small w'), and reasonably strong electron-phonon coupling (measured by the constant γ) that there is a region where the ground state energy function allows for the coexistence of ionic and neutral molecules. The minima of the energy function indicate stable (metastable) configurations of the MS, and values of the coordinate q which correspond to the minima measure the structural changes (with respect to the neutral chain) associated with a charge density wave formed by the ionized molecules.
TTF-CA a charge transfer crystal, is known to show a temperature (80 K at ambient pressure), pressure (10 kbar at room temperature) and photoinduced (in low temperatures) neutral-ionic phase transition [1] [2] [3] . For this system, I adopt the following values of the parameters of the ground state energy. The Franck-Condon excitation energy for a cluster of n transferred electrons in a chain is, 6(n) = 4.08 -2.77α(n) eV [21] . The transfer integral for the cluster is assumed as t(n) (0.2)n eV. The lattice frequency, w', is taken from lattice dynamics calculations [22] and for the A,,, B" modes the frequencies are in the range 35-120 cm -1 . This corresponds to force constant values between 0.5 and 5 eV/ Ǻ2 . The coupling constant, β, can be estimated assuming it is equal to α(n)J/α, and results in values from 0.75 (n = 1) to 1.5 eV/A. The effective coupling constant, γ, is expected to be larger due to the contribution of the dipole moment of the transferred electron. So, for illustrative purposes, I assume γ to be in the range 1.5-3.0 eV/A. Taking w' equal to 100 cm -1 (force constant equal to 4 eV/A2 ) I show in Fig. 2 , the ground state energy functions calculated for different coupling constants, γ, and number of molecules, n, in the cluster. Decreasing the on-site potential, δ(n), and increasing the coupling constant, γ, tends to dimerize the ionic ground state, which is what one observes tracing Fig. 2 on the diagonal.
Approximation to the ground state energy function
A common approach to approximate the ground state energy function, Eqs. (8) and (10), would be a perturbation expansion. The coupling terms, ±γq, on the diagonal of the electronic Hamiltonian, He(q), can be treated as the perturbation. This, however, has to be taken with care, since for the problem discussed, the γq term can be of the same order of magnitude (0.1 eV for q = 0.1 A displacement) as the diagonal energy δ(n) (0.3-1.0 eV). On the other hand, treating the transfer integral, t(n), as a perturbation would not be better. So, for an appropriate but clear insight into the dynamics of the ground state, and also for a characterization of the stable (metastable) ground states by the intermolecular coordinate, q, I shall expand the ground state energy in terms of the displacement coordinate, q. This approach is similar to that used by Toyozawa [19] .
The ground state energy is approximated by Eq. (8), with
The coefficients in Eg (q) are calculated from a perturbation expansion, applied to here, a few remarks have to be added about the validity of our three-state model in the context of the ionicity parameter. It is a simplification of the real MS system, mostly because I do not take into account structures like (DA)N-n(D+A-)n, especially those which are close in energy to the (N| and (In+(-)| states. The contribution of the mixed states to the ground state will decay with increasing due to the decrease of their interaction with the (N| state and increase in energy difference. Therefore, the ionicity of the ground state, defined by Eq. (13), describes the system better for smaller (N-n) . On the other hand, the molecular ionicity, as indirectly determined from spectroscopic experiments [23] , is often understood as being defined for N = n = 1. Nevertheless, the degree of ionicity, p, is by no means a characteristic property of MS and serves as a criterion for the neutral-ionic transition. It seems natural to express parameters of the energy function, Eq. (11), in terms of p0. Another important quantity is the CT susceptibility determined by the first excited state, The coefficients in Eq. (11) are Now, the analysis of the ground state energy function approximated by the expansion, Eq. (11), gives the phase diagram as in Fig. 3 . The diagram is presented in coordinates, (Ed, p0), where Ed = 2γ2(ω')-2ΔEg-1 , and can be interpreted as four times the reduced (divided by ΔE5) deformation energy gained by the system when the electron transfer occurs. The broken line from the top of the diagram to the right lower corner is described by equation, Ed = -1 + 1 , (the condition for the lattice mode softening, (w") 2 = -2α). Along this line, the deformation energy is equal to the energy of the lowest excited state. It describes continuous transitions up to the critical point, where the transitions become discontinuous (CB curve). The critical point is determined by the ionicity (0.38) of the ground state at which the b coefficient changes sign from positive to negative. The region between the CB curve and the dotted lines indicates metastability (appearance or disappearance of the side minima). In order to locate a particular system on the phase diagram, one needs to estimate the deformation energy and ionicity. For the TTF-CA crystal, an estimated value of Ed is indicated by the arrow in Fig. 3 , and with the ionicity approximately 0.8, one locates the crystal in an ionic, dimerized ground state. The ionic ground state expected for the TTF-CA crystal would explain why the neutral molecules were created by illumination of the low-temperature phase of TTF-CA [10] . One could expect that TMB-TCNQ and DMTTF-CA crystals, where the pronounced coexistence of neutral and ionic molecules have been observed at low temperatures, belong to the coexistence region on the phase diagram.
The phase diagram presented in Fig. 3 is qualitatively different from the one previously proposed [13] . There are two essential differences. First, in the previous studies the electron-phonon coupling has been assumed to be off-diagonal (modulation of the transfer integral). Moreover, an equilibrium line between dimerized and undimerized phases has been defined by the condition of phonon instability. In other words, in Ref. [13] , the ground state energy function (here Eq. (8)) has been approximated by a harmonic term only, while our phase diagram follows from the analysis of the energy expansion, Eq. (11). The off-diagonal and diagonal couplings influence the ground state energy differently. First of all, in a qualitative sense. This can be seen by a comparison of the harmonic coefficients in Eq. (11). Within the trimer model, α = -2(1-p0)ΔEu-1K2 when off-diagonal coupling (with a constant K) is assumed, while α = -2p0ΔEu-1 γ2 for the diagonal coupling (constant γ). It follows that for a predominantly ionic ground state, the diagonal coupling is more important while off-diagonal coupling has to be taken into account for systems with a predominantly neutral ground state. This conclusion seems to confirm our intuition.
Finally, some remarks are in order about softening of the lattice mode due to the electron transfer. The perturbation expansion of the ground state energy with respect to the lattice coordinate, q, clearly indicates an important effect of the electron transfer on the lattice mode. One finds that the frequency of the critical lattice mode softens due to the coupling with the electron transfer and becomes, w 2 = (w") 2 -2X" γ 2 , and is strongly dependent on the degree of ionicity of the ground state. It is important to stress that w' is the frequency of the mode determined by all interactions, except for the electron transfer effect. This means that it is the lattice mode frequency in a neutral MS with no admixture of CT states. The MS architecture makes the translational displacements of molecules in opposite directions along the stack axis most difficult. This is proved by numerical calculations for the TTF-CA crystal, where such a mode has been found with the highest frequency (118 cm -1 ) for translational phonons [22] . On the other hand, the pattern of the structural change at the phase transition in the crystal indicates an important (approximately 0.1 A) displacement of CA molecules along the stack axis [24] . This would suggest that the intermolecular electron transfer (along the stack axis) softens the 118 cm -1 phonon considerably. The estimation of the effect shows that it can be as large as 60-70 cm -1 . The effect is highly anisotropic, as expected, and will be largest for phonons with polarization vectors close to the direction of the intermolecular electron transfer. More detailed, numerical calculations of the lattice dynamics for the TTF-CA crystal are planned as an extension of those previously performed [22] .
Conclusions
In conclusion I would like to stress the following points. Following the suggestion from spectroscopic studies on CT excitons in MS systems, I have assumed that the modulation of the intermolecular Coulomb interaction is the essence of electron transfer-lattice vibration coupling. The interaction of the electron transfer dipole with the local electric field enhances the coupling. It modifies the on-site potential and influences the ground state properties differently than the commonly assumed off-diagonal coupling. The important difference is that the diagonal coupling gives, in general, a three-minima ground state energy function, while the off-diagonal electron-phonon coupling alone does not allow for this property. This can be verified by diagonalization of Eq. (9) with a modulated transfer integral instead of the on-site potential. The ground state for MS systems can be viewed as resulting from the electronic interaction between diabatic states: one neutral and two ionic. .
The ground state phase diagram of the MS system consists of three regions: neutral-regular stack, ionic-dimerized stack and a region, where the two phases (compounds) can coexist. The nature of the ground state will have, obviously, consequences for the thermodynamical stability of different phases and the range of their coexistence. For the TTF-CA crystal, an estimation of the parameters of the phase diagram suggests the ionic-dimerized stack as the ground state. I suggest that TMB-TCNQ and DMTTF-CA systems are more likely to be located in the coexistence region on the phase diagram. The proposed phase diagram allows the ground state to be tuned by pressure or chemical changes. The ratio δ(n)/γ can be tuned, as recently shown [4, 5] , by chemical substitution of either whole molecules or their functional groups. In many respects the charge transfer organic solids with mixed-stack architecture may successfully compete for device applications. A recently published paper [25] on bistability in molecular donor-acceptor complexes with a context of a bit storage application reports a complementary study and gives an additional value to the considerations presented here.
The analysis of the ground state energy function as performed in this paper allows to address the problem of thermodynamical stability of neutral (ionic) phases. This is particularly important for the TTF-CA system, where the experimental (p-T) phase diagram (with the positive dp/dT slope) has been recently well established [26] . I have suggested [27] that the diagram can be understood as follows. In the low-pressure, low-temperature region the ground state is well approximated by diabatic states and the phase space of the system is well partitioned into neutral and two ionic sub-spaces. Thus, as for a system with broken ergodicity, the corresponding components can be defined [28] . An external pressure increases quantum mixing between the diabatic states and the nature of the components changes, they become identical at a critical pressure. Temperature stimulates classical mixing of the components. Therefore, along the p-T equilibrium line there is larger and larger thermal mixing of more and more similar components. The line is terminated at the critical point, where the system becomes completely homogeneous -one component in one phase. The phase transitions observed along the p-T equilibrium line will become more and more continuous with increasing order-disorder character when approaching the critical point. The thermodynamics of the charge transfer organic solids will be considered in greater details elsewhere.
